Streambank erosion is difficult to quantify; models and field methods are needed to 10 assess this important sediment source to streams. Our objectives were to 1) compare three 11 techniques for quantifying streambank erosion: erosion pins, total station, and laser scanning, 2) 12 spatially assess streambank erosion rates in the Indian Mill Creek watershed of Michigan, USA, 13 and 3) relate results with modeling of nonpoint source pollution. Total station and laser scanner 14 data were correlated, but neither erosion pins and total station nor erosion pins and laser scanner 15 were correlated. The laser scanner collected high resolution data on clear, barren streambanks, but 16 the erosion pin or total station techniques were more representative of complex vegetated banks.
Introduction

23
Sediment pollution is a major concern for streams throughout the United States [1] . It causes 24 widespread degradation of aquatic habitat and reduces suitability for fish and macroinvertebrate 25 communities [1] [2] [3] . Sediment can enter a stream through many pathways, but the dominant 26 pathway is often streambank erosion [4, 5] . Streambank erosion is natural but can be accelerated by 27 disturbances of changing watershed land use [1, 2, 6] . Successful management of sediment in a 28 watershed requires an understanding of sources and entry pathways [7] . Understanding the 
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A total of 137 erosion pins were installed at the eighteen banks following the design of prior 143 studies [5, 11, 26] . Prior to installing erosion pins, the 18 meter stream section was divided into three 144 six-meter subsections using a measuring tape. Erosion pins were carefully installed in the middle of 145 each subsection on both banks. One to three pins were installed at each location evenly spaced up 146 the bank, with one pin for approximately every meter of bank height. Extra pins were installed if 147 there were visible changes not captured by the design, such as the vertical transition between an 148 undercut bank and vegetated slope.
149
Erosion pins were measured from tip of the pin to streambank using a measuring tape to the 150 nearest 0.5 cm. The average of measurements from the top and bottom of the pin was used to 151 account for bank slope. Where there was a horizontal angle to the bank, the left and right sides of the 152 pin were also included in the average. Erosion pins were measured monthly from May to September 153 2017, with two additional measurements following rain storms, then April to May 2018. The spread 154 of erosion pin data at each site was analyzed using R3.3.2 [27] . The volume of soil loss was estimated 155 following methods of Palmer [28] and Zaimes et al. [29] . Change in bank volume per meter of stream 156 length was calculated for each bank at each site by multiplying the average erosion pin value by the 157 bank height from total station data. Overall change in bank volume was estimated by multiplying 158 this rate by the 18 meter site length. 
163
Control points were two foot rebar stakes driven into the ground and marked with orange tape or a 164 Water 2019, 11, x FOR PEER REVIEW 5 of 17 cap. TerraSync 5.86 software was used to collect data. All GPS data were post-processed in 165 Pathfinder Office using data from the Grand Rapids Continuously Operating Reference Station.
166
A Topcon GPT-3107W total station theodolite on tripod with SurveyPro software was used to 167 survey streambank shape. The instrument was set on one of the control points and backsighted to 168 the farthest point for the most accurate orientation. When the instrument needed to be moved, a 169 temporary control point was created by pushing a marker into the ground, and the previous point 170 was checkpointed to determine error during movement. A reflector prism was used on top of a staff 171 with bubble level to collect points. For undercut banks, the horizontal distance between the prism 172 staff and the back of the undercut was noted. However, data for undercut banks were not 173 incorporated into erosion estimates because virtual models could not account for overhanging bank 174 shape.
175
The site design for the total station surveys was based on methods of Keim et al. [12] and Resop 176 and Hession [9] . Seven transects were performed along each bank over the 18 meter site, at the 0, 3, 6, 177 9, 12, 15, and 18 meter marks. The 3, 9, and 15 meter marks coincided with erosion pin locations. In 178 each transect, sideshots for the top of the bank and toe were collected. Then, two to three shots were 179 taken evenly spaced along the bank, depending on its size and variability. These shots were taken at 180 erosion pins during the 3, 9, and 15 meter transects, at the location where the pin met the 181 streambank.
182
Total station data were exported as a CSV file with Windows Mobile Device Center 6. 
191
One to two banks were surveyed at each site with a FARO Focus3D terrestrial laser scanner in 192 2017 and a Trimble TX8 scanner in 2018. Ten total banks were chosen to incorporate representative 193 conditions and have clear visibility. Three survey markers were placed along each bank, as far apart 194 as possible without sacrificing visibility. Target spheres were placed on these markers. These 195 markers act as control points, and were surveyed with the total station so laser scan results can be 196 projected in a Geographic Information System (GIS). To ensure all three spheres were visible to the 197 scanner, brush was pushed aside, cut with a knife or machete, held back, or sat on.
198
Next, a preliminary low-quality scan was taken to adjust the horizontal and vertical scan limits.
199
Prior to the full scan, the resolution and quality were set. We used 1:1 resolution and 2x quality and were then used to filter vegetation from the scans. This gave the most accurate classification of filters 211 and filtering resolutions we experimented with and was within processing capabilities of our 212 computer. Other filters we experimented with were otira_vegetsuper.prm and otira_vegetsemi.prm
213
[21], as well as vegetRangiCliff.prm and vegetTidal.prm [30] . After processing, the 2017 scans had a median of 2,696,052 data points representing streambank, while the 2018 scans had a median of 215 1,302,523 data points representing streambank.
216
Volume change of streambanks between 2017 and 2018 was calculated in Trimble RealWorks 217 using the Volume Calculation tool with horizontal difference and 10 cm resolution. The percent of 218 laser scan coverage from these volume outputs was calculated by dividing the scan area occupied by 219 bank in both 2017 and 2018, facing the bank directly and horizontally from the stream, by the total 220 gridded area of the file. The difference in laser scan coverage between banks with and without heavy Statistical tests were performed in R 3.3.2 using data from the ten banks that had laser scans.
225
The IMC6 right bank was removed because it was deemed an outlier for the laser scan tests, being 226 4.3 times higher than the second highest measurement, and affecting the normality. Shapiro-Wilk
227
Tests were used on the erosion pin, total station, and laser scanner volume change estimates to 228 determine normality. Data from all three techniques were found to be normally distributed (p = 229 0.977, 0.964, and 0.746). Differences between techniques were tested using ANOVA with 230 randomized complete block design, with estimates of erosion rate as values, techniques as groups, 231 and sites as blocks. Plots of normal Q-Q and residuals vs. fitted values were interpreted and 232 suggested that the ANOVA was appropriate to use over data transformations or nonparametric 233 alternatives. A similar ANOVA test was used by Purvis and Fox [31] to analyze the influence of 234 riparian buffers and time period on erosion rates. Correlations between techniques were tested using 235 Pearson Tests with Holm p-value adjustments for multiple comparisons. Percent differences 236 between volume results of the laser scanner and total station techniques were calculated following 237 the methods of Resop and Hession [9], who took the difference between laser scan and total station 238 results, divided by the laser scan result. We calculated the percent difference for laser scan and 239 erosion pin results, and for erosion pin and total station results, in the same fashion. The IMC4 (L) 240 bank was removed from the percent difference analysis because it was an outlier with high total 241 station error and less than 1% laser scan coverage after vegetation filtering. Our study documented streambank conditions, volumetric changes using three erosion 252 measurement techniques, and coverage of the laser scan data (Table 1) 308 between the laser scanner and erosion pins, and 1,275% between the laser scanner and total station 309 ( Table 2) . Bank photos are presented for reference in Figure 3 . 
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documented by erosion pins. The total station estimate was fairly consistent with erosion pin data 333 (26% difference). However, for the IMC5 (R) bank, there was a 251% difference. A likely reason for 334 the disparity is that the entire right bank was undercut and the lip had been pushed up; erosion pins 335 were still able to collect data in the undercut, but the total station with was only able to collect data 336 on the top of the bank. 
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The IMC1 site also had visible erosion that was documented by all three techniques at the right 355 bank, and both techniques used at the left. The total station estimated a much higher erosion rate at 356 the right bank than the laser scan and erosion pins (difference of 661% and 430%), which could be 357 because of the resolution and coverage of the data. This bank was heavily vegetated and had low 358 laser scan coverage. Differences could also be due to the shape of the bank, which was complex with 359 many bends, slumps, and large barren areas (Figure 3 m and n) . Differences could also be caused by 360 a high checkpoint error of the total station, possibly due to unstable soil conditions for the tripod. (Table 3) , with an average error of 5.5 cm (standard deviation 11.7 cm). The high 2018 376 checkpoint elevation error introduces uncertainty into the total station results for the IMC4 site. We 377 presume that this error occurred because the tripod was set in soft muddy soil, causing the 378 instrument to tilt during the survey. It could also have been a recording error because both the 379 northing and easting error were small. Laser scanner alignment had an average of 0.7 cm error 380 (standard deviation = 0.4 cm). 
381
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was estimated from erosion pin data (Table 1) . Both the total station and the laser scanner showed more deposition of sediment on streambanks, with an average bank volume change of 0.034 and 389 0.019 m 3 m -1 yr -1 , and standard deviation of 0.187 and 0.049. The high standard deviation and bank 390 change rate from total station data is due in part to the right bank of the IMC4 site (Figure 3 h) . This 391 bank is the inside of a meander bend with heavy deposition of sediment visible. This deposition was 392 also documented with erosion pin data. It is possible that deposition of sediment on most banks 393 from laser scanner data was due vegetation and other obstructions shadowing eroding areas.
394
Assuming the average erosion rate of our eighteen study banks from erosion pin data (0.024 m 3 395 m -1 yr -1 ) represents the average bank erosion rate for the 28.5 km of streams of the Indian Mill Creek 
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We evaluated and compared three techniques for measuring streambank erosion: erosion pins,
403
total station, and terrestrial laser scanner. We were unable to detect significant differences between 404 measurement techniques and found a significant correlation only between total station and laser 405 scanner data. Percent differences between techniques were large. Thus, when designing a 406 streambank erosion study, results between different techniques could have limited comparability,
407
and thoughtful selection of a technique is very important depending on riparian conditions.
408
Our results show that selection of a streambank erosion measuring technique should be 409 dependent on the goals of the project, resources available, desired resolution of data, and site 410 conditions. Terrestrial laser scanning has high resolution and can detect small erosion rates with 
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The total station or erosion pins are preferable techniques for vegetated banks. The pointed staff 425 and reflector of the total station allowed us to collect data for points obstructed by vegetation.
426
Similarly, erosion pins can be installed and measured on vegetated banks without loss of data. In 427 general, erosion pins are the cheapest and easiest technique to measure streambank erosion. They
428
can be installed and monitored for $1-2 per pin and do not require expensive equipment or 429 familiarity of special software. However, they provide very low spatial resolution; our transects 430 were spaced three meters apart with approximately one pin per meter bank height. We also 431 observed that there can be minor destabilization of the bank while installing and checking the pins.
432
The total station works effectively for barren or vegetated streambanks. However, it requires skill 433 with surveying, familiarity with the instrument and special software, and may not always be 434 available to researchers. Additionally, minor bank destabilization can occur when using the staff and 435 prism to collect data.
436
The total station does not work for undercut banks using the methods we performed, ignoring 437 the space under the overhang in its entirety. Undercut banks were documented at the IMC6, IMC5, IMC4, IMC2, IMC1, WD, and BC sites. Although it is unclear how strongly they affected erosion 439 estimates, these undercuts shifted total station data at these sites toward deposition because the 440 undercutting erosion was ignored in the TIN model. Total station results also had a larger spread of 441 data than the other techniques. While results from the laser scanner and erosion pins tended to show 442 change less than 0.1 m 3 m -1 yr -1 , the total station results were more variable, estimating changes in 443 bank volume up to 0.2 to 0.4 m 3 m -1 yr -1 (Table 1, Figure 4) 
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We assessed the spatial distribution of streambank erosion in the Indian Mill Creek watershed.
463
The lower watershed experienced net deposition of sediment along the banks ( Figure 5 
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Mill Creek, follows the same pattern of increasing discharge toward its outlet, but may be 487 overestimating discharge in subbasins by a factor of 2.8 to 11.0. The difference could also be that our 488 eighteen study banks sample only a small proportion of the overall length of bank in Indian Mill
489
Creek. We decided not to use estimates of sediment loading from the total station and laser scanner 490 because they incorporated fewer sites than erosion pins and had more uncertainties due to undercut 491 banks, issues of the tripod on squishy soil, and bank coverage. Both these techniques estimated an 492 average bank volume change in the watershed that was positive, suggesting that more sediment was 493 deposited on streambanks than was removed by streambank erosion, which seems unlikely and 494 could be an effect of the uncertainties and limitations of the techniques. Our best estimate of 495 sediment loading from bank erosion in relation to the GWLF-E field erosion estimate suggests that 496 streambank erosion contributes 28.5% of the annual total sediment load to Indian Mill Creek. This is a substantial portion of the sediment load and is almost certainly affecting the quality of aquatic 498 habitat, fish, and macroinvertebrate communities in the Indian Mill Creek watershed.
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Previous studies have demonstrated that streambank erosion can be a large source of sediment 
